Introduction
Many people drink heavily, yet only a limited number (~35%) develop more advanced liver diseases (alcoholic hepatitis-AH, or cirrhosis). Thus, there must be modifying factors that either prevent or facilitate disease activity/progression. These modifiers can either be fixed (e.g., genetics) or can undergo intervention (e.g., smoking, diet). Diet is one of the most important potential disease modifiers, and one in which the health care provider and patient can intervene. Here, we discuss advances in our understanding of an important dietary factorthe trace metal, zinc.
Overview of zinc metabolism
Zinc is the second most prevalent trace element in the body. Zinc plays a major role in the regulation of gene expression through metal-binding transcription factors and metal response elements in the promoter regions of regulated genes. Zinc also plays a role in zinc-finger motifs that are important to normal hepatic metabolism, such as hepatocyte nuclear factor-4alpha (HNF4α) and peroxisome proliferator activated receptor-alpha (PPARα)[1•].Zinc fingers typically have four cysteines within the finger motif that allow zinc to be bound in a tetrahedral complex. Importantly, with oxidative stress the cysteines can be modified, zinc is then lost from the zinc finger protein, and DNA binding activity is lost.
In the United States, the Recommended Dietary Allowance (RDA) for zinc in adults is 8 mg/d for women and 11 mg/d for men. Dietary intake of zinc and protein directly correlated with each other. Zinc status and the serum zinc levels decrease with low dietary zinc intake. There normally are multiple mechanisms in place to protect against zinc deficiency, including increased absorption and decreased excretion via modification of zinc transporters [2, 3] . Patients with alcoholic liver disease (ALD) often have poor quality diets that are low in protein and low in zinc. Absorption may be impaired in cirrhosis, and typically there is increased urinary loss of zinc in cirrhosis [4] . Zinc absorption, transfer, and excretion are accomplished by two large classes of transporters that tend to have opposing effects (ZnT proteins and Zip transporters) [2, 3, 5, 6] . The Zip family of transporters move zinc from the extracellular space into the cellular cytoplasm. Indeed, Zip4 plays a major role in intestinal zinc absorption, and a lack of this transporter causes the zinc deficiency observed in the disease acrodermatitis enteropathica. The ZnT proteins generally work in opposition to the Zip transporters.
Zinc status is typically assessed by plasma/serum zinc concentration. Tissue concentrations of zinc such as leukocyte zinc can be measured on a research basis, but they are not widely clinically available. Unfortunately, there is no test of zinc enzyme activity that reflects zinc status which is available for clinical use. It is important to note that inflammation/stress hormones may cause a decrease in serum zinc level, with an internal redistribution of zinc [3, 7] . This stress response is often associated with hypoalbuminemia. Albumin is a major binding protein for zinc, but the serum zinc concentration will decrease with an inflammatory stimulus even in the absence of hypoalbuminemia [7] . This is mediated, at least in part, by changes in zinc transporters, especially induction of Zip14 and induction of hepatic metallothionein [5] . Metallothionein is a metal-binding protein that serves many functions, including zinc transport, antioxidant activity, and modulation of zinc absorption [2, 3, 8] .
Recent studies demonstrate that zinc deficiency increases organ damage and mortality in a murine model of polymicrobial sepsis and severe inflammation, and zinc supplementation attenuated these findings [9] . Zinc deficiency was also associated with significant increases in the cytokine proinflammatory response and hepatocyte apoptosis, which were attenuated with zinc supplementation. Patients in the critical care unit, some with sepsis, were also evaluated for altered zinc metabolism and enhanced inflammatory response. Patients in the intensive care unit without sepsis had decreased serum zinc levels compared to controls, while septic patients had the lowest zinc levels and the highest cytokine response [10] .Very recent data from Cousins' laboratory documented a marked increase in the zinc transporter, ZIP14, associated with experimental polymicrobial sepsis and inflammation [11•] .ZIP 14 -/-mice had improved outcome; zinc supplementation also improved outcome. Because patients with severe alcoholic hepatitis have a systemic inflammatory response syndrome similar to septic patients, it will be interesting to see if these new findings from intensive care unit patients can be translated to alcoholic hepatitis subjects [12] .
Zinc deficiency and zinc supplementation in experimental models of ALD Over the last decade, a series of studies by Zhanxiang Zhou and coworkers in experimental animals and in vitro has markedly expanded our understanding of mechanisms whereby zinc deficiency may exacerbate alcohol-induced liver injury and mechanisms by which zinc therapy may prevent or treat alcohol-induced liver injury. They initially confirmed reports showing decreased tissue stores of zinc in alcohol-fed mice. They showed that alcohol feeding caused marked alteration in several zinc transporters, which likely plays a major role in alcohol-induced changes in zinc homeostasis [13] . They performed a series of studies in rats and mice showing that alcohol feedings caused a disruption of intestinal-barrier function that was improved with zinc supplementation [14•, 15] . Animals fed the Lieber-DeCarli alcohol diet had increased barrier permeability in the ileum and a decrease in intestinal tight-junction proteins such as claudin-1 and zona occludens-1 [14•]. Alcohol feeding decreased the ileal zinc concentration, and this was associated with an accumulation of reactive oxygen species [14•] . Zinc supplementation corrected all of these abnormalities [14•, 15] . Alcohol-fed mice had significantly increased plasma endotoxin levels, while those fed alcohol supplemented with zinc showed no significant increase in endotoxin levels [14•] .
Translocation of gut-derived toxins, including endotoxin, typically activate toll-like receptors on Kupffer cells and induce inflammatory cytokine production, such as tumor necrosis factor (TNF), with subsequent hepatic inflammation/injury. Zhou and coworkers documented that zinc interfered with the normal endotoxin-TNF signaling pathways and attenuated NF-kappaB activation in Kupffer cells [16] . They showed that zinc attenuated alcohol-induced cell death through multiple mechanisms [17] [18] [19] . They initially noted that zinc inhibited alcohol-induced endogenous FAS ligand activation, which is a key component in signaling pathways leading to apoptosis [17, 18] . They also showed that chronic alcohol exposure significantly reduced zinc levels in isolated hepatic endoplasmic reticulum (ER) and mitochondria [19] . Zinc depletion was associated with caspase-3 activation and apoptosis in association with ER stress and mitochondrial dysfunction. These events were attenuated by low concentrations of zinc supplementation but not by supplementation with the antioxidant N-acetylcysteine. Lastly, they showed that critical zinc-finger proteins were inactivated in experimental alcoholic liver disease, and zinc supplementation enhanced liver regeneration by preserving activity of the zinc-finger protein, HNF 4 α [20] . In summary, these studies in rodents and in vitro demonstrate that zinc supplementation acts at multiple levels to prevent/ protect against experimental alcohol-induced liver injury (Fig. 1) 
Zinc deficiency and zinc supplementation in human ALD
Vallee, et al. first reported [22] in 1956 on the occurrence of marked hypozincemia in patients with severe alcoholic cirrhosis. This observation was subsequently confirmed by multiple investigators [23, 24] . Hypozincemia was next reported in patients treated for acute and chronic alcoholism without evidence of liver disease [25] . Concentrations of zinc in liver, white blood cells, pancreatic juice, and testes have all been reported to be decreased in alcoholic cirrhotics [26] [27] [28] [29] [30] [31] [32] .
The mechanism(s) for the zinc deficiency in alcoholics appear to be multifactorial. We performed careful dietary histories in alcoholics with or without liver disease and in healthy volunteers. While the healthy controls regularly consumed the recommended amount of zinc or more daily, approximately 90% of the alcoholics (with or without liver disease) had an inadequate dietary intake of zinc [33] . Absorption of zinc is also impaired in chronic alcoholics, and ethanol administration to rats decreased zinc absorption [34] . Multiple investigators have reported increased urinary excretion of zinc in alcoholics with or without liver disease, and the greatest excretion was observed in patients with more severe liver disease [23] [24] [25] . Lastly, as noted previously, zinc may be lost from zinc finger proteins during oxidative stress, producing functional zinc deficiency. Fig. 1 . Zinc deficiency and zinc supplementation affect multiple metabolic pathways in the development/progression of ALD Knowledge concerning the importance of the metabolic role of zinc was initially derived from manifestations of zinc deficiency in either zinc deficient animals or in patients with acrodermatitis enteropathica, a hereditary disease of impaired zinc absorption [35, 36] . Information from these early studies facilitated the recognition of zinc deficiency in common clinical conditions such as ALD. Some of the potential clinical manifestations of zinc deficiency in ALD are shown in Table 1 . We highlight four examples of zinc deficiency complications that may be observed in ALD.
Severe zinc deficiency may cause crusting skin lesions. This rash tends to occur in a typical distribution, usually starting around the eyes, nose, and mouth, and later over the scrotum, buttocks, and sometimes over the extremities [37] . Chronic alcoholics (especially those with ALD), can develop zinc deficiency skin lesions (acrodermatitis) that correct with oral zinc supplementation [37] [38] [39] .
Anorexia is an early and major manifestation of zinc deficiency in animals fed a zinc-deficient diet [40, 41] . Similarly, weight loss has been observed in human volunteers fed a zinc-deficient diet [42] . Patients with ALD frequently complain of anorexia with altered taste sensation and have decreased food consumption. Knudsen and Weismann [43] carried out a double-blind clinical trial of zinc supplementation in stable alcoholic cirrhotics, and one of the variables evaluated was taste sensation. Moderate but significant improvement in taste sensation was observed in the zinc-treated group, and major improvements were seen in individual patients [43] .
Zinc deficiency is a well-recognized cause of hypogonadism in experimental animals, and it has been postulated to play a pathogenic role in the human hypogonadism observed in certain disease processes such as regional enteritis, sickle cell disease, uremia, and chronic alcoholism [33, [44] [45] [46] [47] [48] [49] . Chronic alcoholics, with or without liver disease, may have hypogonadism [50] . Zincdeficient animals have reduced basal testosterone levels and depressed weights of testes and other androgen-sensitive organs as well as decreased muscle mass compared to zinc sufficient controls [40, 51, 52] .Uncontrolled studies suggested that zinc supplementation may improve the hypogonadism in ALD [33, 49] . Low testosterone may play a role in the sarcopenia frequently observed in chronic ALD, and testosterone therapy has recently been shown to improve sarcopenia in cirrhosis [53] . Whether or not zinc improves muscle wasting/ sarcopenia in ALD has not been evaluated. Portal systemic encephalopathy (PSE) is a derangement of mental function caused by liver disease or shunting of blood around the liver. Blood toxins such as ammonia, mercaptans, and false-neuro transmitters are postulated to play an etiological role in PSE. Zinc is critically involved in ammonia metabolism. Zinc deficiency by itself can also cause confusion and apathy. Our group and others have shown that serum zinc levels are decreased in patients with compensated ALD and are further decreased in those with PSE (Fig. 2) . Multiple trials of zinc supplementation in PSE have been performed, with somewhat inconsistent results. The most recent large study showed a significant improvement in encephalopathy grade, Child-Pugh score, and psychological testing compared to controls [54•] . The most recent systematic review and meta-analysis of the use of zinc in hepatic encephalopathy showed a significant improvement in the number-connection test with zinc therapy [55] . Because zinc, in theory, can exert its effects biochemically and metabolically via multiple pathways in PSE, and is inexpensive and safe, we frequently use it, at least as adjunct therapy, in patients with PSE.
While there are abundant studies, many of which are only case reports, showing that zinc supplementation can correct clinical manifestations of zinc deficiency in ALD, there have been limited well-controlled clinical trials evaluating the effects of supplementation on clinical outcome in ALD. An early trial showed that zinc supplementation could improve serum zinc concentrations in alcoholics with or without cirrhosis [56] . Studies of oral zinc supplementation to cirrhotics for 2-3 months demonstrated beneficial effects on liver metabolic function and on nutrition parameters [57] [58] [59] . Zinc supplementation improved serum albumin, retinol binding protein and insulin-like growth factor 1. Quantitative liver function tests, such as galactose elimination capacity and antipyrine clearance, also improved with zinc supplementation. However, there have been few studies evaluating the role of zinc in the development of early ALD, mechanisms of action for zinc therapy in ALD, or effects of zinc on long-term outcome. Three recent studies published only in abstract form address these critical areas [60] [61] [62] [63] . Fig. 2 . Patients with compensated cirrhosis had decreased serum zinc concentrations compared to normal controls, and alcoholic cirrhotics with clinically-overt PSE had levels that were significantly lower than both controls and compensated cirrhotics. The pictured patient had severe crusting skin lesions of zinc deficiency, very low serum zinc concentrations, and a mental dysfunction that was originally thought to be PSE. However, the skin lesions and mental confusion corrected rapidly with zinc supplementation
The first study evaluated 108 males and females with very heavy drinking histories who were grouped by serum zinc concentrations. Group One had normal serum zinc levels and consisted of 67 patients; Group Two had depressed serum zinc levels and included 41 patients [60] . All patients were housed at the NIH and were participating in an alcohol treatment program. No patient had clinically-relevant liver injury. Data were collected on demographics, drinking history in the last 90 days, and lifetime drinking history, as well as clinical and laboratory assessments. Liver injury and inflammation as assessed by AST and C-reactive protein were significantly increased in the low-zinc group, and serum zinc correlated with Creactive protein in the low-zinc group. Serum albumin was also lower in the low-zinc group. Both groups had similar long-term drinking histories and neither group showed evidence of clinical or biochemical malnutrition. Thus, it appears that zinc deficiency may be an early biochemical marker in alcohol-induced liver injury and inflammation, and may play a pathogenic role in early ALD [60] .
The second study from Cave and coworkers is an NIH pilot trial in which 22 subjects with Child-Pugh Class A and B alcoholic cirrhosis were randomized to placebo or zinc sulfate 220 mg per day in a single-center, double-blind protocol. Interim 3-month data were presented in two abstracts. Zinc supplemented patients had an increase in serum zinc concentration, a decrease in proinflammatory mediators, improvement in serum endotoxin levels, a modest reduction in ChildPugh score, as well as a decrease in fibrosis markers such as hyaluronic acid and TGF-beta. These preliminary studies suggest that zinc therapy targets mechanisms in human alcoholic cirrhosis similar to that observed in experimental animal models of ALD [61, 62] .
The final study was done in Japan. Two hundred forty patients with various etiologies of chronic liver disease were studied. One hundred ninety-two patients received zinc for at least six months and 48 received no zinc supplementation. The zinc-treated group was divided into four subgroups based on their zinc concentration after six months of zinc therapy. The mean follow-up was almost four years. Liver function significantly deteriorated in the no-treatment group but was stable in the zinc group. Similarly, the incidence rate of adverse events was higher in the notreatment group, and the incidence rate of hepatocellular carcinoma (HCC) was higher in the no-treatment group. Serum zinc concentrations tended to predict outcome. The authors concluded that oral zinc supplementation was effective at maintaining liver function and helped to prevent HCC [63] .
In our clinical practice, we typically use 50 mg of elemental zinc per day orally as zinc supplementation in ALD. We most frequently give zinc sulfate 220 mg (50 mg elemental zinc) with a meal. This is the most commonly available zinc supplement, and we give it with a meal because zinc salts can cause gastrointestinal irritation. We usually give zinc long term, for several months to years, or at least until the serum zinc level has normalized. Because the serum zinc level is almost always low in patients with ALD, we do not necessarily obtain serum zinc concentration before starting zinc supplementation. However, if we do supplement patients, it is valuable to have a baseline determination in order to compare with a follow-up zinc concentration to document improvement in the zinc level. If patients cannot tolerate zinc sulfate with a meal, one can switch to another type of zinc supplement such as zinc gluconate or zinc acetate. We usually do not go above 50 mg elemental zinc per day because of potential risks of impaired copper absorption or immune suppression. Response to zinc supplementation can be monitored by resolution of zinc deficiency signs or symptoms, e.g., skin lesions, mental changes, etc., or improvement in serum zinc status.
In conclusion, there is major zinc dyshomeostasis with ALD. This is mediated, in part, by poor intake and absorption, increased excretion, and altered zinc transporters, especially ZIP14. Zinc deficiency plays an etiologic role in multiple mechanisms of ALD, ranging from intestinal barrier dysfunction to apoptosis. Zinc supplementation is highly effective at correcting these ALD mechanisms and preventing/treating experimental ALD. Because human data suggest that zinc deficiency occurs early in the development of ALD, we treat most patients with ALD with zinc sulfate 220 mg/day. Our goal is to improve zinc status and to block multiple mechanisms for liver inflammation/injury/fibrosis in ALD.
